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Summary 
This paper presents a generalized equation of state (EOS) 
that represents several widely used cubic EOS's. The gen
eralized form is obtained by manipulation of Martin's 
EOS 1 and is applied in this smdy. 

A component pseudoization procedure that preserves 
densities and viscosities of the pseudocomponents and the 
original mixture as functions of pressure and temperature 
is described. This procedure is appiied with material bal
ance requirements in generation of two-component, black
oil properties for gas condensates. Agreement between 
resulting black-oil and fully compositional simulations of 
gas condensate reservoir depletion is demonstrated for a 
very rich, near-critical condensate. Also, agreement be
tween EOS compositional results and laboratory expan
sion data is shown. 

The fully compositional simulation necessary for below
dewpoint cycling is performed for the neaT-critical con
densate with a wide range of component pseudoizations. 
Results show the well-known necessity of splitting the 
C 7+ fraction and indicate a minimal set of about six to
tal components necessary for acceptable accuracy. 

L,t;::oduction 
Gas condensate reservoirs are simulated frequently with 
fully compositional models. This paper presents a pseu
doization procedure that reduces the multicomponent con
densate fluid to a pseudo two-component mixture of 
surface gas and oil. T4is aliows the use of a simpier, less 
expensive, modified black-oil model that accounts for both 
gas dissolved in oil and oil vapor in the gas. 

A major question in the use of the black-oil model is 
whether the two-component description can represent ade
quately the compositional phenomena active during the 
depletion or the cycling of gas condensate reservoirs. This 
question is especially pertinent to near-critical or very rich 
gas condensates. This paper, therefore, includes a com
parison of black -oil and compositional simulations for 
depletion and below-dewpoint cycling of a naturally oc-

. curring, rich condensate only 15°F [8.3 0c] above its crit
ical temperature. 

Like a number Qf unreported cases for leaner conden
sates, the two models give very similar results for deple
tion. In addition, the two models give identical results for 
cycling above dewpoint provided that certaln conditions 
are satisfied. However, the black-oil model is not applica
ble to cycling below dewpoint, so results of the composi
tional model are compared for different multi- component 
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descriptions to estimate the minimal number and identity 
of components necessary for acceptable accuracy. 

The compositional calculations reported here use vari
ants of the Redlich-Kwong2-5 and Peng-Robinson6 

EOS's. This paper discusses a general cubic EOS form 
based on work by Martin 1 that encompasses all these 
EOS's. A general-component pseudoization procedure is 
presented, foilowed by its application to gas condensates, 
The black-oil PVT properties obtained and the agreement 
between laboratory test data and EOS calculated results 
are given for the rich condensate. Black-oil and composi
tional simulation results are then compared for depletion 
and below-dewpoint cycling of the condensate. Finally, 
the compositional-model cycling results are compared for 
different degrees of pseudoization (lumping) of com
ponents. 

A Generai Form for Cubic EOS;s 
Use of an EOS in compositional simulation of reservoir 
perfonnance and laboratory tests requires two basic equa
tions that give the compressibility factor z and the (ugac
ity of each component for a homogeneous mixture (phase). 
The two equations, 

Z=Z(p, T, x) ............................ (Ia) 

and 

!;=!;(p, T, x), i=l, 2 .. . n, ............... (1b) 

give these quantities as functions of pressure, tempera
mre, and phase composition x= (x;}. 

A number of EOS' s have been developed and are in 
wide use. These are the Redlich and Kwong Z (RK') , 
modifications by Zudkevitch and Joffee 3 and Joffee et 
al. 4 (ZJRK) and by Soave5 (SRK), and the Peng and 
Robinson 6 (PR) EOS. 

!v1anin! shows that all cubic EOS's can be represented 
by a single general form. Use of Martin's work and bas
ic thermodynamic relationships yields generalized forms 
for Eqs. Ia and Ib as follows: 

-em] +mz)B(B+ I)]z-[AB+m]mzBz(B+l)]=O, 

.......... .' ................. (2a) 

"Initials within parentheses denote the varjous EOS's. 
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and 

Ii 
In "'i=ln-=-ln(z-B) 

PXi 

_ BBi) In _z_+_m.::..zB_ B i +-(z-I), 
z+mlB B 

where 

n n 

............ (2b) 

A= L: 'L: x jX kA jko ................... (3a) 
j~1 k~1 

n 

B= L: xjBj, .... , ...................... (3b) 
j=l 

Bj =flbjPr/Trj, .......................... (3d) 

and 

Aj =flajp r/Th. . ......................... (3e) 

The Ojk are binary interaction coefficients, symmetric in 
j and k with Ojj =0. For the RK, SRK, and ZJRK equa
tions, m I =0 and m2 = 1. For the PR equation, 
ml =1+v'2 and m2=1-v'2. 

Egs. 2a and 2b stem from the manipulation of Martin's 
results. Their general form is useful in minimizing the 
volume of code necessary (in compositional models or 
PVT programs) to represent different EOS's. Further de
tails of the derivation of Eqs. 2a and 2b are given in Ap
pendix A. 

As discussed by the authors of the various equations, 
the fla and fib appearing in Eqs. 2a through 3e are the
oretically universal constants, ng and (lb. determined 
when the EOS is forced to satisfy the van der Waals con
ditions: (dpfdv)r and (d 2p/dv2)r=0 at the critical point. 
In practice, however, the fla and fib values are treated 
generally as component-dependent functions of tempera
ture, flai(T) and flbi(T), as follows: 

SRK: flbi =, fI~ and flai=fI~[I+(0.48+1.574wi 

-0.176wr)(1- T~i5 )]2, 
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and 

PRo flbi = flg and flai =fI~[1+(0.37464 

+ 1.54226wi -O.26992wr)(I- T~iS )]2. 

The n~ and ng values follow: 

RK, SRK, and ZJRK: 
PRo 

0.4274802 
0.457235529 

0.08664035 
0.077796074 

The ZJRK equation determines nai(T) and nb;(T) for 
a given component, i, at a given temperature, T, below 
critical so that component vapor pressure and saturated 
liquid density at T are matched exactly. 3,4 

Eqs. 2a and 2b are used in conjunction with the Newton
Raphson techniques described by Fussell and Yanosik 7 

in the PVT and compositional models (described below) 
to perform saturation pressure and flash calculations. 

Pseudoization 
The term pseudoization denotes the reduction in the num
ber of components used in BOS calculations for reser
voir fluids. Pseudoization is important in reservoir 
calculations because of the large number of real compo
nents (e.g., in C7+ fraction) in reservoir fluids. Com
positional model computing times can increase 
significantly with the number of components used. 

We can think of pseudoization in terms of either lump
ing components or combining streams. Consider a 
homogeneous mixture of n components of composition 
{zJ. denoted simply as mixture z. Mixture z can be 
divided into m (m < n) mixtures or streams xl, x 2 

.. . Xm 

SO that Z=Z"'lxl-i.e., 

In 

Zi = L: "'eXl. ............................ (4) 
1=1 

where 

n 

L: Xl = 1.0, ............................. (5) 
j=l 

and 

In 

L: "'1=1.0 ............................. (6) 
f=! 

The mixtures xl are pseudocomponents, normalized by 
Eq. 5, and "'I is the mol fraction of Pseudocomponent 
Xl in Mixture z. The Mixture z might be flashed at a low 
pressure and temperature with liquid and gas separator 
products resulting. Therefore, the two components, 
x I = separator gas and x2 == separator liquid, represent two 
pseudocomponents satisfying Eq. 4, obtained by a com
bination of streams. With some overSimplification, this 
is the basis of the black-oil treatment that has been used 
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fig. 1-Examples of gas condensate separation yielding two 
components-oil and gas. 

for decades. Each of these two pseudocomponents in
cludes some of each of the n components present in the 
original mixture. 

In lumping components, each pseudocomponent con
sists of a subset of the original n components, and none 
of the members of this subset are present in any of the 
other pseudocomponents. For example, a Mixture z of 
n=8compbnents, CO2 , CI> C 2 , C3, C4 , C s , C6, and 
C7+, might be pseudoized to m=5 pseudocomponents, 
xl=C r , {x'=C0 2 , C 2 }, {X 3 =C 3 , C 4 }, {x4 =C S , 

C6}, and xS =C7+' 
This pseudoization procedure does not demonstrate how 

the pseudocomponents are defined or obtained, nor does 
it relate in any way to the two-phase behavior of the Mix
ture z or any of the pseudocomponents. The procedure 
assumes that m pseudocomponent definitions or compo
sitions, xl, are given and are obtained from some origi
nal n-component Mixture z. The procedure detennines 
pseudocomponent properties (e.g., Pc> Te , na , and nb ) 

and pseudocomponent binary interaction coefficients so 
that two conditions are satisfied for all pressures and tem
peratures. 

I. EOS calculations will yield identical density (z
factor) and viscosity for each pseudocomponent whether 
performed in a single-component. mode or in an n
component mode. 

2. For all mixtures of the m pseudocomponents (includ
ing the original mixture, z), the EOS calculations will yield 
identical mixture density and viscosity whether performed 
in an m-pseudocomponent mode or in an n-coffipOfiefit 
mode. 

Appendix B gives the equations defining pseudocom
ponent critical properties, {2 a, {2 b, and pseudobinary in
teraction coefficients that satisfy these conditions. 

The usefulness of tI1.iS pseudoization procedure is shown 
in two cases. First, in CO 2 or solvent flooding calcula
tions where direct contact miscibility is assumed, the in
jected CO 2 mixture or solvent and the original reservoir 
oil composition can be pseudoized to pseudocomponents 
1 and 2. The compositional model can be run tl-ten in a 
two-component mode with the EOS (and viscosity corre
lation), giving density and viscosity variation vs. pres
sure and composition identical to that obtained in a full 
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n-component calculation. A power law can be substituted 
for viscosity, and dispersion control or extension, simi
lar to the work of Koval, 8 can be introduced. Equiva
lence of this two-component and full n-component 
simulations requires that original reservoir oil composi
tion be uniform and that injected solvent composition be 
constant for all time. 

A second case is cycling above dewpoint or depletion 
of a gas condensate reservoir. This case is described in 
detail in the following sections. 

Pseudoization of a Gas Coudensate Fluid 
A gas condensate reservoir originally above dewpoint 
pressure is discussed and procedural steps are outlined 
briefly. The calculations are described in detail in Ap
pendix C and are illustrated in connection with real fluids 
in sections below. First a stand-alone, EOS PVT program 
is used to match laboratory PVT data, usually including 
dewpoint pressure, expansion tests at reservoir tempera
ture, and surface separation ,data. The EOS is then used 
to flash the original reservoir fluid through desired single
or multistage surface separation (Fig. I). The gas and liq
uid n-component Compositions G3 and L3 are selected 
as pseudocomponents I and 2-gas and liquid or oil. This 
EOS flash gives n-component compositions, molecular 
weights, and densities at final-stage -separator conditions 
of the two pseudocomponents, gas and oil, which are used 
in the modified black-oil model. Thus the black -oil model 
production expressed as stock-tank barrels of oil and stan
dard cubic fcet of gas can be converted to mols or mass 
of each of the n components in the original reservoir fluid. 
The two pseudocomponent properties are calculated as 
described in Appendix B. 

Appendix C shows that the PVT program performs a 
constant-composition or constant-volume expansion to cal
culate a two-component or black-oil PVT table of R o ' R s ' 

1'", co, and rs as single-valued functions of pressure at 
reservoir temperature. The table omits B g and I' g be
cause they are obtained from the EOS in pseudo two
component mode in the black-oil simulator. The reason 
tor omission is thatEg and I'g are not single-valued func
tions of pressure in cycling calculations; rather, they de
pend on composition and pressure. Pseudo two-component 
properties required by the EOS and viscosity-correlation 
calculations in the black-oil simulator are generated by 
the PVT program and are read as input data to the 
simulator. 

This procedure (Appendix C) differs in several respects 
from a calculation of black-oil properties for volatile oils 
or condensates given recently by Whitson and Torp. 9 We 
have not calculated differences in black-oil PVT curves 
yielded by the two approaches nor determined the effect 
of any such differences on black:oil model results. 

For cycling above dewpoint, the black-oil simulator re
produces gas density and viscosity variation with pres
sure and· composition identical to that obtained in an 
n-component compositional model simulation, subject to 
two conditions. The reservoir originally must contain an 
undersaturated (above dewpoint) gas condensate of uni
form composition, and injected (or cycling lean) gas must 
hp. th". e., .. f.",.", e ....... "....,.ti,...,., "''''C' ...i"'f":i .... "".-l ",.co .... ,,-=> •• ...1 ......................... ..... 
OJ .... I..,u .... ., •• uJ."" ........ ., .... t'UJ.Q~IVH 5"", U ..... .Llll ..... U. a.., p;::.vUUV .... VlUpV-

nent I. If injected-gas composition does not equal that of 
the surface-separation gas, results of the black-oil and full
compositional models will differ. 
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For depletion below dewpoint pressure, we have found 
close agreement between gas deliverability and instantane
ous oill gas producing ratios calculated by the two
component black-oil and n-component compositional 
simulations. This has occurred for a number of conden
sates ranging from very lean to near-critical and extremely 
rich. Essentially, this agreement reflects the fact, noted 
by Jacoby and Yarborough to and Fussell, II that com
position has a negligible effect on K values for depletion 
of gas condensates. Jacoby and Yarborough used labora
tory test data, while Fussell used laboratory data in field
scale, single-well, compositional simulation of depletion. 

For cycling below dewpoint, the two-component simu
lation gives results (e.g., Cs+ recovery vs. time) that can 
be quite inaccurate, especially for rich condensates as il
lustrated below. The inapplicability oftwo-component cal
culations to below-dewpoiut cycling reflects the findings 
of Cook et al. 12 They showed that accuracy of calculat
ed vaporization during gas cycling of volatile oils requires 
that the CH fraction be split into a number offractions. 
In addition, Fussell and Yarborough 13 showed that cy
cling results in a significant composition dependence of 
K values and that composition dependence cannot be ob
tained from volumetric (expansion) test data alone. 

Description of Models 

This PVT program is a general-purpose, stand-alone pro
gram coded to use any of the RK, SRK, ZJRK, or PR 
EOS's. However, we will describe only those features 
pertinent to its use in this paper. The program includes 
a nonlinear regression calcullition that performs an auto
matic adjustment of EOS parameters to match a variety 
of laboratory PVT measurements. The regression varia
bles are specified by the user and may be any subset of 
the EOS parameters. These parameters are n~i and az; 
for each of the n components and the n(n - 1)/2 binary 
interaction coefficients. We will denote the regression 
variable set selected in a given case by {vi}' i = 1, 2 .. . 1. 

The data to be matcbed in a single regression may in
dude any number of sample compositions at the same or 
different specified temperatures. For each sample, data 
entered may include (1) saturation pressure, (2) densities 
of equilibrium gas and oil at saturation pressure, (3) K 
values at that pressure, (4) constant composition, constant 
volume, andlor differential expansion data, including 
volume percent liquid, gas and oil densities, and Kvalues 
at each expansion pressure, and (5) multistage separation 
data, including GOR, gas and oil densities, and K values 
for each stage. The set of all nonzero data entered is denot
ed by {dj},j=l, 2 ... 1. 

The regression is a nonlinear programming calculation 
that places default or user-specified upper and lower limits 
on each regression variable Vi' Subject to these limits, 
the regression determines values of v i that minimize the 
objective function F. 

J 

F= :z:; Wj I drdj' I +dj , ••••...••••.•. (7) 
j=l 

where dJ and dj are calculated and observed values of 
observation j. The term Wj is a weight factor, internaliy 
set or specified by the user. Default values are 1.0 for 
most data but are 40 for saturation pressure and 20 for 
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primary-phase (oil for an oil sample, gas for a conden
sate) density at saturation pressure. 

The program regresses on condensate data, determines 
two pseudocomponents from specified surface separation 
conditions, and calculates pseudocomponent EOS param
eters and lbe two-component black-oil PVT table (Appen
dix C). The results are stored in a data file in a format 
acceptable to the black-oil simulator. 

The program allows a splitting of a sample plus frac
tion (e.g., CH ) into a number of extended fractions. 
This calculation is a slight modification of a probabilistic 
model presented by Whitson. 14 He demonstrates excel
lent agreement between data and his model's calculation 
of the extended analysis given by Hoffmann et al. 15 

Within a single execution, the program can perform, 
in sequence, splitting of the plus fraction; regression with 
the resulting n-component representation; user-specified 
pseudoization-grouping or lumping-to n 1 components 
(n 1 <n); repeat of regression with n I components; pseu
doization to nz ( < n 1) components; repeat of regression, 
etc. Calculations of expansions or other tests, with print
ed comparisons of calculated vs. observed data, can be 
interspersed in this sequence along with storage in a data 
file of EOS parameters in a format acceptable to the com
positional simulator. 

Extended fraction (C7 through e,o) properties (Pc, 
T" M, TB, etc.) are stored internally, as shown by Whit
son. 14 Whitson's values are modified somewhat from 
values given by Katz and Firoozabadi.16 

The black-oil model used here is a fully implicit, three
dimensional, three-phase model described previously 17 
that accounts both for oil in the gas phase and for gas dis
solved in the oil phase as functions of pressure, thereby 
allowing gas condensate or oil reservoir simulation. In 
the condensate case, the model calculates B g and J1. g from 
an EOS to allow dependence on composition and pres
sure in cycling calculations. 

The compositional model used in this work is. an altered 
version of an implicit model described previously. 18 That 
model has been extended to use any of the four EOS's 
mentioned in this work and an IMPES formulation. 

Condensate Reservoir Depletion Applications 

Rich-Gas Condensate A. Table 1 lists data for the natur
ally occurring rich-gas Condensate A with bottomhole and 
recombined sample dewpoints of 3,025 and 3,115 psia 
[20857 and 21477 kPa] at the 325°F [163°C] reservoir 
temperature. Single-stage separation data at 624.7 psia 
[4307 kPa] and lOO°F [38°C] give a liquid content of586 
bbllMMscf [3.29x 10 -3 m 3/std m 3]. This fluid is close 
to critical because the critical temperature was 310°F 
[154°C]. Liquid yield for the three-stage separation of 
Table 1 is 347.4 STB/MMscf [46.2 dm3/kmol] at 14.7 
psia [101.4 kPa] and 60°F [15.6°C]. 

Complete definition of a set of Condensate A composi
tional results requires a description of the EOS used, the 
regression data set, the regression variable set, informa
tion on whether the bottomhole or recombined sample 
composition was used, and the number and definitions of 
components used. The results (Figs. 2 through 5) were 
obtained from the ZJRK EOS for the bottornhole sam
ple. The regression data set information is included in Ta
ble 2. 
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TABLE l-RiCH-GAS CONDENSATE A DATA AT 325'F 

Bottomhoie 
Sample 

Recombined 
Sample c7 + Properties 

Dewpoint (psia) 
Mol Fraction CO 2 

N, 
C, 
C, 
C, 
C4 
C, 
C, 
C7 + 

3,025 
0.0226 
0.0567 
0.4574 
0.1147 
0.0759 
0.0638 
0.0431 
0.0592 
0.1066 

3,115 
0.0201 
0.0562 
0.4679 
0.1265 
0.0587 
0.0604 
0.0392 
0.0478 
0.1232 

Specific gravity = 0.8044 
Molecular weight = 148 

P 
Stage (psia) 

1 624.7 
2 94.7 
3 14.7 

Three-Stage Separation (Recombined Sample) 

T GOR Gas Liquid Liquid 
(OF) (scf/bbl) Gravity Gravity Molecular Weight 
100 1706.9 0.762 80.62 
80 297.8 0.997 
75 260.6 1.78 0.738 

Constant Composition Expansions at 325°F 
(Bottom hole Sample) 

Liquid 
p Relative Volume Gas 

(psia) Volume ~ z Factor 
9,255 0.6990 1.6695 
8,000 0.7190 1.4851 
7,000 0.7419 1.3407 
6,000 0.7718 1.1956 
5,000 0.8132 1.0497 
4,000 0.8771 0.9058 
3,025- 1.0000 0.0 0.7810 
3,015 1.0028 29.95 
3,005 1.0060 
2,995 1.0093 32.59 
2,970 1.0157 33.49 
2,950 1.0221 33.40 
2,900 '1.0350 33.26 
2,800 1.0672 32.49 
2,205 1.3235 27.21 
1,835 1.5834 21.23 
1,490 1.9703 15.77 
1,165 2.6179 

Recombined Sample 

liquid 
p Relative Volume 

Point (psia) Volume ~ --
1 9,255 0.6943 
2 8,000 0.7169 
3 7,000 0.7411 
4 6,000 0.7725 
5 5,000 0.8163 
6 4,422 0.8523 
7 3,115" 1.0000 0.0 
8 3,100 1.0036 10.0 
9 3,075 1.0092 21.7 

10 3,060 1.0132 25.4 
11 3,030 1.0213 28.8 
12 3,017 1.0253 29.9 
13 2,992 1.0334 30.8 
14 2,905 1.0575 32.0 
15 2,775 1.0978 31.6 
16 2,660 1.1381 30.2 
17 2,555 1.1784 28.9 
18 2,385 1.2592 26.6 
19 1,980 1.5017 21.2 
20 1,792 1.6576 18.6 

Gas gravitles relative to air= 1.0. 
Liquid gravities relative to water => 1.0. 
Gas standard volumes at 14.7 psia. eO°F. 

*Oewpoint. 

Gas 
z Factor 
1.6625 
1.4724 
1.3319 
1.1900 
1.0479 
1.9676 
0.7998 

Liquid 
Shrinkage 

0.8920 
0.8447 
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The four regression variables were n~ and ng of 
methane and C 7+. Seven components were used-C I 
through C 6 and C 7+ -with N 2 lumped with methane and 
CO2 lumped with Cz. This seven-component regression 
is referred to as Regression 1. With no regression, the 
ZJRK EOS predicted bubblepoint pressures of2,934 and 
2,915 psia [20 229 and 20098 kPa] for the original nine 
and lumped seven components, respectively. 

Fig. 2 compares calculated and observed expansion 
data. The poor agreement of volume percent liquid values 
in the 1,600- to 2,600-psia [11032- to 17 927-kPaJ pres
sure range reflects, in part, omission of data in this range 
from the regression data set. (Fig. 9, discussed later, in
dicates the better agreement obtained when more points 
of the expansion test are inciuded in the regression.) 

Fig. 3 shows the black-oil PVT properties calCulated 
by the material balance method described in Appendix C. 
The properties are virtually independent of whether they 
are calculated from the constant-composition expansion 
or from a constant-volume expansion. The peculiar curve 
shapes, including the increase of B g with pressure near 
dewpoint, are not a consequence of the particular EOS 
used. The PR and SRK equations, subjected to the same 
regression, give curves virtually identical to those shown 
in Fig. 3. 

Po 

TABLE 2-REGRESSION DATA SET 

DeW-pOint pressure, psia 
Gas z-factor at dewpoint 
VN s at 1,490 psia 
VN s at 7,000 psia 
Volume fraction of liquid 

at 2,970 psia 
Singl~-stage GOR, 

(scf/bbl) . 
Single-stage gas gravity 

Data 
3,025 

0:7810 
1.9703 
0.7419 

0.3349 

1,706.9 
0.762 

Calculated 
After Regression 

3,025 
0.7810 
1.9365 
0.7419 

0.3349 

1,706.9 
0.786 

RICH GAS CONDENSATE A-, 

BDTTOMHOLE SAMP!..E, 325 OF 
CONSTANT COMPOSITION EXPANSION 

"00 

2800 

2400 

2000 

__ DATA 

000 CALCULATED FROM ZJRK EOS 
9 COMPONENTS 

","---"T-'--'-, 

,. 
" 

o 
The B g behavior near dewpoint is a simple conse

quence of the mass conservation principle. The same be
havior is noted. regardless of whether B g is calculated 
from n-component or from pseudo two-component EOS 
or material-balance (Appendix C) calculations. 

PSIA o 

Table 3 gives data for a single-well, one-dimensional 
(10) radial, depletion simulation. Formation thickness, 
permeability, and porosity are 200 ft [60.96 m], 5 md, 
and 0.25, respectively. Initial reservoir pressure is 4,016 
psia [27 689 kPal with water and gas saturations of 0.2 
and 0.8, respectively. Water remains immobile through
out the depletion. The well is flowed on deliverability 
against a constant bottomhole fiowing.pressure (BHFP) 
of 1,250 psia [8618 kPa]. Eight radial gridblocks were 
used. Results were insensitive to use of more blocks 

RICH GAS CONDENSATE A, ~25~F 
BOTTOMHOLE SAMPLE 

1600 
0 

1200 0 

o 
'00 

600 o'---.""--~"~-~'''o--' 
VOLUME % LIQUID 

", 

.. 

., 
o 246810 

P, PS1A X IO-s 

Fig. 2-Volume percent liquid and relative volume vs. 
pressure. 

700 7 

2000 
- CONSTANT COMPOSITION EXPANSION 
000 CONSTANT VOLUME EXPANSION GOO , 

ZJRK COS USED 

1600 24 300 5 

'. 1200 20 400 , 
Rs, Be, 
SCF RB 

""§"f6 Si'B 

'5, '0. 
STS 'S 
~ MSCF 

BOO 1,6 300 , 
o 

"0 '" 
, 

'" 

'" 1000 1400 1800 2200 2600 ~OOO ~400 3800 
P,PS1A 

Fig. 3-Calculated black-oil PVT properties. 
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TABLE 3-RESERVOIR AND FLUID DATA FOR RADIAL 
SINGLE-WELL SIMULATIONS' 

CWo psi- 1 

e" psi- 1 
4x10- 6 

3.5x10-6 

Surface gas gravity, air = 1.0 
Surface oii density, lbm/cu ft 
Pi' psia 
PSI psia 

0_7856 
38.91 
4,016 
3,025 

P, 
Sw, 
Soi 

Sgl 

Slw 
S~ 
S~g 
k~ 
krowc 
k" 
kro 

h,ft 
k, nid 

'" r W' ft 

o 
0.2 

o 
0.8 

0.22 
0.3 
0.3 

o 
1.0 

0.3 [S 1(1 - Swc)~2 
[(SL -Sw, -S~g)/(1 -?w, -S~g)l , 

where SL =Sw +80 = 1 - Si\ 
20 

5 
0.25 
0.25 

4,8.01,16.03,32.1, 
64.3, 128.7,257.7, and 515.9 

GridbJock center radii, ft 

r e' ft 
Well productivity index, RB-cp/D-psi 
BHFP, psia 

744.73 
2.55 

1,250 

'Rich-gas Condensate A at 325°F. 

andlor a smalier first-block radius. The exterior radius 
corresponds to a 40-acre [16.l9-hal well spacing_ 

Fig. 4 shows calculated surface gas production rate 
(deliverability) and instantaneous producing GOR vs. 
time. Fig. 5 shows calculated fractional recoveries of gas 
and oil vs. time. The black-oil (fixed) n-component, SUf

face gas, and oil compositions were read as input data 
and used to calculate C5+ recoveries from the volumet
ric surface oil and gas production. Fig. 5 compares the 
calculated CS+ recovery vs. time with results by the 
compositional simulation. 

Figs. 4 and 5 indic~te very close agreement between 
black-oil. and compositionill simulation of rich Conden
sate A. However, some differences not reflected in those 
figures are as follows. The surface gas and liquid gravi
ties of the cumulative black-oil production are constant 
at 0.7856 (air=LO) and 0.6235, respectively. The cor
responding properties of cumulative gas and oil produc
tion in the composiiional simulation ranged from 0.7856 
and 0.6235, inithiIly, to 0.8072 and 0.6043, respective
ly, after 8 years. While the C 5+ recoveries of tIie two 
simulations agree well, the distributions within that cut 
do noL The fractional recoveries of C s , C 6 , and C7+ 
at 8 years were 0.3328, 0.3153, and 0.3031 and 0.4245, 
0.3872, and 0.2386 for the black-oil and compositional 
simulations, respectively. 

The difference in component distribution is caused 
primarily by a significant contribution of mobile liquid 
flow to total production. Oil-phase relative permeability 
is zero for oil saturation below 0.3, Calculated oil satu
ration in the first (near-wellbore) gridblock reached Ii max
imum of 0.423 at 195 days and subsequently declined to 
0.36, 0.34, and 0.317 at 700, 1,160, and 2,920 days, 
respectively. Calculated pressure in the first gridblock was 
1,355 psia [9342 kPal at 2,920 days. 

Calculated pressure and liquid saturation profiles vs. 
time are not shown but are almost identical for the two 
simulations. The ioss in deliverabllity caused by. liquid 
dropout can be characterized roughly by examination of 
gas relative permeability. At a near-well oil saturation qf 
0.32 (Sw =0.204), the gas relative permeability is about 
0.108, compared to a value of 0.3 at zero liqUid satura
tion. Thus, on this simple basis, a deliverability factor 
is 0.108/0 .3 (or 0.36), which translates to a reduction in 
deliverability of 64 %. 

These rich-gas Condensate A results are presented as 
the most severe test (of the black-oil approximation) that 
we have encountered to date. In a number of simulation 
comparisons for leaner condensates, we have noted similar 
or better agreement in regard to gas rate and GOR for 
single-well depletion. However, we did not calculate the 
C 5+ or individual component recoveries in those cases. 

6~---r----r----r----r-~-r----.----.----, 750 
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Fig. 4-Comparison of black-oil and compositional simulation results. 
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TABLE 4-CALCULATED RESULTS FOR CONSTANT"COMPOSITION 
EXPANSION 

Rlch.Gas Condensate A~ 325°F 
(Recombined Sample) 

p (1) (2) (3) (4) (5) (6) (7) 
(psia) ~ ~ ~ ~ ~ P, ~L 

9,255 0.6339 0.6339 
6,000 0.7337 0.7337 
3,115 0,0 0.0 0.0 1.0148 1.0148 2.7306" 0.6313" 
3,100 0.1000 0.1671 0.1671 1.0183 1.0196 2.7328 0.6306 
3,017 0.2990 0.2994 0.2999 1.0393 1.0455 2.7396 0.6286 
2,992 0.3080 0.3080 0.3085 1.0461 1.0522 2.7412 0.6282 
2,905 0.3200 0.3190 0.3197 1.0719 1.0805 2.7459 0.6268 
2,660 0.3020 0.3065 0.3074 1.1606 1;1745 2·7570 0.6240 
2,385 0.2660 0.2739 0.2749 1.2935 1.3119 2.7682 0.6214 
1,792 0.1860 0.1863 0.1876 1.7621 1.7871 2.7912 0.6171 

(1) Volume fraction liquid data. 
(2) Calculated from PA EOS with nine components. 
(3) Calculated from black-oil PVT lable, using two pseudocomponent B g values from PR EOS. 
(4) RS wet gas/Msc! wet gas, calculated from PR EOS with nine components, 
(5) AS ~et gas/Msc! wet gas, calculated from PR EOS with two pseudocomponents. 
(6) Density of gas from flash separation of cell gas (from desIgnated pressure) at 624.7 psia, 10QoF, 

Ibm/cu ft, calculated from PR EOS with nine components. 
(7) Specific gravity of separator liquid at 624.7 psia, 100oF. 

·These are fixed densities of (surface) gas and oil used in the black-oil simulator, 

RICH GAS CONDENSATE A,325°F 
'"0, RAO,AL SINGLE"WELL DEPLETION 

-- COMPOSITIONAL SIMULATION 
o a BLACK OIL SIMULATION 

F= RECOVERY lOR IGINAL-IN- PLACE 
~~~~~~~~ ~r-~~~~-'-' 

o 

C5+ 0 
.25 

0 
GAS 

.20 

F 
.15 

,10 

.05 

°0~~---±2---3~~4~-±5---6~~7~~8 
TIME,YEARS 

°0~~---t2--~3~-±4---5f-~6~-±7~~8 
TIME, YEARS 

Fig_. 5-Comparlson of recoveries from black-oil and compositional simulation. 
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TABLE 5-WELLSTREAM COMPOSITIONS CALCULATED FROM PR EOS 
AND BLACK-OIL PVT TABLE" 

Black-Oil Wellstream at 1,792 psia 

Component 

CO, 
N, 
C, 
C, 
C, 
C, 
Cs 
C, 

C7 + 
C s• 

Original 
Reservoir 

Fluid 
0.0201 
0.0562 
0.46,9 
0.1265 
0.0587 
0.0604 
0.0392 
0.0478 
0.1232 

Gas 

0.0247 
0.0838 
0.6883 
0.1319 
0.0398 
0.0207 
0.0061 
0.0032 
0.0014 

. Oil 

0.0122 
0.0091 
0.0927 
0.1173 
0.0909 
0.1280 
0.0955 
0.1237 
0.3306 

Black-Oil Nine-Component EOS 

0.0219 0.0217 
0.0668 0.0645 
0.5528 0.5418 
0.1286 0.1315 
0.0514 0.0574 
0.0451 0.0544 
0.0265 0.0324 
0.0306 0.0356 
0.0763 0.0608 

"Rich-gas Condensate A at 325°F, recombined sample. 

RICH GAS CONDENSATE A, 325 of, BOTTOM HOLE SAMPLE 
ONE-DIMENSIONAL SIMULATIONS 

3 
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=-- COM-POSITIONAC MODEL - ------- ------
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---- BLACK OIL MODEL /I 

12Y7S I 

I 
I 
I 

j 
I I , L.L... 

2 3 .4 ,5 ,6 7 .9 ,9 to 
X/L 

Fig. 6-Calculated oil saturation profiles after 11 years of 
cycling. 

We intend, therefore, no generalization of the Conden
sate A simulation results related to Cs+ or component 
recoveries. 

The black-iJii PVT repre;entation is based on fixed den
sities of surface gas and oil. However, the n-component 
compositional calculations for an expansion yield vary
ing reservoir gas ,compositions that, on flashing at fixed 
surface Separation conditions. yield varying compositions 
and densities of surface gas and liquid. We might expect 
two-component black-oil.and n-component composition
al simulation results for depletion to differ in some propor
tion to this variation in surface compositions and densities. 
Tables 4 and 5 indicate the differences in reservoir liquid 
dropout and surface densities and compositions resulting 
from black-oil vs. compositional depletion calculations. 
Of course, no flow effects are included in these 
differences. 

The nine-component EOS results listed in Tables 4 and 
5 were obtained from the PR equation with the original 
nine components (C7+ was not split into fractions). 
Regression was performed on the recombined sample ex
pansion data. Table 4 shows that the black-oil gas densi
ty and the specific gravity of the oil are 2.73 Ibm/cu ft 
[43.73 kg/m3] and 0.6313 (water = 1.0), respectively. 
The nine-component compositional surface flashing of cell 
gas from the declining expansion pressures gave gas den-
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0.1334 0.1288 

sity and liquid gravity varying from the latter values at 
the 3,115-psia [21 477-kPa] dewpoint pressure to 2.7912 
Ibm/cu ft [44.71 kg/m3] and 0.6171. respectively, at 
1,792 psili [12 355 kPa]. In addition, TableA shows the 
effect of the .use of the two-pseudocomponent Bg on cal
culated liquid dropout. The nine-component and two
pseudocomponent EOS values of Bg are compared direct-
ly also. . 

Table 4 gives black-oil (fixed) surface gas and oil com
positions calculated by the PR equation with nine com
ponents. These compositions result from flashing the 
original reservoir fluid at 624.7 psia [4307 kPa] andlOO'F 
[38'C]. Assuming wellstream composition equal to reser
voir gas composition allows calculation of the black-oil 
wellstream composition at any pressure from values of r, (STB/scf), from surface oil density and molecular 
weight, and from surface gas and oil (fixed) compositions. 
Table 5 compares this calculated black-oil wellstream 
composition at 1,792 psia [12 355 kPa] with the nine
component PR EOS calculated gas composition at the 
same expansion pressure. 

Cycling Calculations 

This cycling calculation uses the reservoir and ,flUid prop..: 
erties given in Tables 1 and 3. The original reservoir fluid 
is rich-gas Condensate A (bottomhole sample) described 
with seven components, CI +N2 , C2+C02 , C 3 through 
C6 , and C7+. The horizontal reservoir length, width, 
and thickness are 933.4,233.35. and 200 ft [284.5, 71.1, 
and 60.96 m], respectively. The calculations are ID and 
use 20 gridblocks with gas injection into Gridblock I. Pro
duction is from Gridblock 20 on deliverability, against 
a bottomhole pressure (BHP) of 1,250 psia [8618.4 kPa] 
with a well productivity index of 0.37 RB-cpID-psi 
[8.53XIO-6 res m3 ·Pa·s/d·kPa]. 

Initial pressure is 3044.2 psia [20 989 kPa] compared 
to the dewpoint pressure of 3,025 psia [20 857 kPa]. The 
reservoir is produced for 1- year with no injection. From 
Years I through 12, gas is injected at a constant rate of 
400 Mscf/D [11 327 std m3 /d]. This gas is the primary 
separator (624.7 psia [4307 kPa], 100'F [38'C]) gas of 
composition (0.7567, 0.1561, 0.0528, 0.0229, 0.0071, 
0.0041, and 0.0003), as calculated from the ZJRK EOS 
after Regression I (partially displayed in Fig. 2). 

The black -oil simulation was performed with the PVT 
properties shown in Fig. 3. The compositional model 
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TABLE 6-COMPONENT DEFINITIONS· 

Case 13** Case 11 Case 9 Case 7 Case 6 Case 9L Case 5L Case 4L 

C, +N2 CO, c, +N z C, +N2 CO, (0.0253) CO, C, +N2 C 1 +N2 
N, (0.0860) N, C, +CO, C, +CO, C2 -+C0 2 +C 3 +C 4 N, C2 +C0 2 C 2 +C0 2 +C 3 +C 4 

C3 +C4 Cs+C s C, (0.6927) C, C, C 3 +C 4 C5 +C s C, 
C, (0.1348) C, C, Cs +C a F7 C2 . Cs +C s C,. 

C, (0.0404) C, C, F7 Fa C, C,. 
C, (0.0208) C, C, Fa F, C4 

C, C, F7 F, C, 
C, C, Fa C, 
C7 F7 F, C7+ 

F7 Fa 
Fa F, 
F, 
FlO 
F11 

Objective Function Attained by Regression 

0.1331 0.1335 0.1325 0.1389 

~Rtch-gas Condensate A, recombined sample. 
'~Composition of injected cycling gas is given in parentheses. 

simulation was derived with the ZJRK EOS with param
eters determined in Regression 1. The two models gave 
.calculated oil saturations of about 0.26, average reser
voir pressure ofabout 2,400 psia [16 547 kPa], and a pres
sure difference (Blocks 1 through 20) of 270 psi [1862 
kPa] at the end of I year. At the end of 12 years, the black
oil and compositional models showed average reservoir 
pressures of 1,709 and 1,636 psia [11 783 and 11 280 
kPa], respectively, fractional oil recoveries of 0.7194 and 
0.6246, respectively, and fractional C7+ recoveries of 
0.7214 and 0.3942, respectively. Fig. 6 compares calcu
lated oil saturation profiles at Years I and 12. 

These results clearly indicate the inapplicability of the 
black-oil model to cycling below dewpoint, at least (or 
especially) for condensates approaching the richness of 
Condensate A. In addition, the complete vaporization 
region calculated by the compositional model casts doubt 
about the accuracy of that simulation. Cook et al. 12 dem
onstrated the erroneous vaporization of compositional cy
cling calculations with lumped C7 + fractions. Engineers 
and researchers have recognized this error for many years. 

The remaining calculations described here relate to 
compositional cycling calculations with different numbers 
and groupings of components for the recombined sample 
of Condensate A. Fixed sets of regression data and regres
sion variables were used in all cases. Table 6 defmes Cases 
13,11,9,7,6, 9L, 5L, and4L. The case number reflects 
the number of components used, and "L" denotes that 
C7 + was retained as a lumped, single component. Case 
13 splits C 7+ into five fractions, while Cases 11 through 
6 split the C7+ fraction into three components. Pseudoi
zation or lumping of components (defined in Table 6) was 
performed in accordance with the pseudoization proce
dure presented in this paper. Fractions F7, F8, and F9 
are defined identically for Cases 11, 9, 7, and 6 and differ 
from the Case 13 Fractions F7, F8, and F9. 

The PR EOS was used in all following calculations with 
the binary interaction coefficients of Katz and 
Firoozabadi 16 except for CO 2 -HC=O.I and where 
changed by regression. The regression data for all cases 
consisted of (1) dewpoint pressure, (2) gas density at dew
point, (3) constant composition expansion data (see Ta-
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Fig. 7-Volume percent liquid and relatiVe volume vs. 
pressure. 

ble 1) for points 13, 14, 15, 17, and 20: V/Vs and volume 
fraction liquid, and (4) GOR and gas gravity for single
stage separation at 624.7 psia [4307 kPa], lOO°F [38°C]. 

The regression variable set for all cases was 0 ~ and 
ng of C7+, the methane-C7+ binary interaction coeffi
cient, and oZ of methane. In cases where C7+ was split, 
the first three variables were values for all split 
fractions-e.g., for Case 13 O~ and og of components 
9 through 13 and binary of C 1 vs. Components 9 through 
13. (After these calculations were perfoIDled, we found 
better results for this and another condensate with Katz 
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RICH GAS CONDENSATE A, RECOMBINED SAMPLE 

ONE-DIMENSIONAL, COMPOSITIONAL (PR EOS) SIMULATION 

CASE C7 of. FRACTIONS 

13 5 
o 0 0 6 3 

9L 
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o 0 

o 0 o 

o .1 .2 .3 .5 
X/L 

.6 .7 .8 .9 1.0 

Fig. 8-Calculated oil saturation after 11 years of cycling. 

TABLE 7-CALCULATED RESERVOIR GAS AND 
nnlftJlJl. .... v .... ."nA ... A..,.." ... _A ...................................... ... 
r-nlllll""'"1 ;;,a:::r-.Mn.H.IUM U.H.;:) UI:.I'II;:)IIIt:.;:) AI'IIU 

VISCOSITIES FOR CASE 13 AT 325°F 

Density Viscosity 
(Ibm/cu ft) (cp) 

p Reservoir Separator Reservoir Separator 
(psia) Gas Gas Gas Gas 
6,000 28.1 16.1 0.066 0.033 
3,115 20.8 9.2 0.040 0.022 
2,555 14.4 7.5 0.027 0.020 
1,792 9.2 5.2 0.020 0.018 

and Firoozabadi's 16 binaries for all C 1 - HC except the 
regressed C , -FlI [last fraction] binary.) 

The agreement between laboratory data and the PR EOS 
calculations for Case 13 is shown in Fig. 7. The objec
tive function values (see Eq. 7) attained for all cases are 
listed in Table 6. Calculated results for all cases, except 
6 and 4L, plot on Fig. 7 within a fraction less than I of 
symbol size. Case 4L results are shown for points where 
symbols do not intersect (Fig. 7). 

The ID, horizontal cycling calculations do not reflect 
gravitational forces or the effects of adverse mobility ra
tio on conformance. These might be important in above
dewpoint cycling. Calculated reservoir gas and primary 
separator gas densities and viscosities for Case 13 at 
325°F [163°C] are shown in Table 7. 

These values indicate that gravity override and adverse
mobility conformance effects might be considerable in 
above-dewpoint cycling. The values below dewpoint are 
only of academic interest because of phase equilibration 
accompanying vaporization during below-dewpoint 
cycling. 

The lD cycling simulation was performed with the com
positional model for all Cases 13 through 4L. The injeeted 
gas composition used includes no C 5+ (Table 6). Tables 
8 and 9 show calculated C5+ and C7+ recoveries vs. 
time for an cases through 12 years, which corresponds 
to an injection of 1.9 HCPV's of lean gas. 

All simulations resulted in nearly identical oil satura
tions and average reservoir pressures of about 26% and 
2,540 psia [17 513 !cPa], respectively, after 1 year of 
depietion. At the end of 12 years, all cases resulted in 
average reservoir pressure and a pressure difference of 
about 1,600 psia [II 032 kPa] and 210 psi [1448 !cPa], 
respectively (Blocks 1 through 20). 

Fig. 8 compares calculated oil saturation profiles at 12 
years for Cases 13, 6, and 9L. The profiles for Cases 11, 
9, and 7 resemble that shown for Case 6. The profiles 
for Cases 5L and 4L closely resemble that shown for 
Case 9L. 

The "double plateau" character of Case 6 is accompa
nied by COITeSpondiIlg regions of essentially uniform equi
librium gas and oil compositions. For example, calculated 

TABLE 8-CAl.CULATED C,. AND C7 • CYCLING RECOVERIES' 

C 5 +- Recovery 
Time Case (Number of Components) 

(years) 13 11 9 7 6 9L 5L 4L 
1 0.120 0.121 0.121 0.121 0.120 n oj"" n ~n~ I"t ~..,,'" 

u. " .... u. Ie..:> V.l'::;v 

3 0.317 0.317 0.317 0.318 0.314 0.325 0.321 0.318 
5 0.502 0.502 0.502 0.503 0.495 0.515 0.507 0.501 
8 0.731 0.730 0.731 0.731 0.719 0.744 0.734 0.722 

10 0.828 0.830 0.831 0.830 0.816 0.836 0.826 0.813 
12 0.872 0.884 0.885 0.883 0.872 0.897 0.868 0.891 

C 7 + Recovery 
Case (Number of Components) 

1 0.109 0.109 0.109 0.109 0.108 0.112 0.111 0.110 
3 0.274 0.273 0.273 0.273 0.267 0.280 0.274 0.270 
5 0.424 0.423 0.423 0.423 0.412 0.433 0.423 0.415 
8 0.612 0.610 Q,611 0.607 0.590 0.621 0.606 0.589 

10 0.715 0.719 0.720 0.716 0.693 0.725 0.707 0.685 
12 0.783 0.803 0.803 0.799 0.781 0.823 0.800 0.774 

"Rich-gas Condensate A at 325°F, recombined sample. 1D, compositional simulation. 

1880 JOURNAL OF PETROLEUM TECHNOLOGY 



TABLE 9-CALCULATED K VALUES AT 1,792 psia FROM 
CYCLING SIMULATION-CASE 13" 

Position, x/L 0.2 D.5 D.7 0.9 
Time (years) 8 7 6 5 
HCPV Injected 1.1 D.92 0.74 0.57 
So 0.017 0.094 0.196 0.248 

Constant-
Composition 

Component Expansion 

r. 3.683 3.31 2,57 2,31 2.304 -, 
C 2 1.335 1.31 1.276 1.256 1.256 
C, 0.865 0.872 0.916 0.931 0.934 
C, 0.539 0.561 0.639 D.675 0.677 
C, 0.4 0.465 0.508 0.511 
C, 0.262 0.340 0.383 0.385 
F, 0.185 0.268 0.313 0.315 
Fa 0.077 0.133 0.168 0.169 
F, 0.033 0.066 0.092 0.092 

F" 0.0070 0.010 0.027 0.041 0.041 

F" 0.00068 0.0023 0.0058 0.0074 0.0098 

"Aich-gas Condensate A at 325°P, recombined sample. 

Case 6 compositions at 12 years, expressed approximately 
without normalization, are found in Table 10. 

Table 8 and Fig. 8 indicate that pseudoization from 13 
to 6 components, retaining a splitting of the C7+ frac
tion, results in a moderate to small loss in accuracy of 
calculated CS+ and C7+ recoveries vs. time. The tabu
lar results (for Cases 9L, 5L, and 4L) may seem to indi
cate that use of the single C7 + fraction and pseudoization 
to five or even four components yields larger but accept
able errors in the recoveries. Fig. 8, however, shows that 
these cases will yield strongly erroneous vaporization and 
corresponding saturation profIles and will predict errone
ously 100% C5+ and C 7 + recoveries at longer simula
tion time. 

The calculated K values for Cases 13 through 4L ex
hibit a surprising insensitivity to pseudoization or lump
ing. Pseudocomponent C 1 +N2 , Cs +C 6 , and C7+ K 
values for Cases 13, 9L, and 4L were calculated as 
2:y/2:xi from the PR EOS constant composition expan
sion calculations (after regression). The summation for 
each case is over all components included in the pseu
docomponent. For example, Kc,. for Case 13 is 
2:y/2:xi with summation over Fractions F7 through 
F II. Fig. 9 shows that these pseudocomponent K values 
are nearly identical over the entire pressure range (3,115 
to 1,792 psia [21 477 to 12 355 kPa]) in spite of pseu
doization from 13 components with five split C7 + frac
tions to only four components. Fig. 9 also illustrates the 
near-criticality of Condensate A. 

The expansion calculations show almost no dependence 
of K values upon composition (that is, calculated equilib
rium phase compositions at a given pressure are nearly 
the same whether obtained by a constant composition or 
by constant-volume expansion). 

However, the compositional simulation results show a 
pronounced dependence of K values on composition. Ta
ble 9 lists Kvalues at 1,792 psia [12 355 kPal calculated 
from the simulation for Case 13. The K values of pro
pane and all heavier components decrease with increased 
contact by injected gas. Calculated K values for the heav
iest components, Fractions FlO and FII, decrease by fac
tors of 6 and 14, respectively. 

OCTOBER 1985 
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Fig. 9-Lumped fraction K values calculated from constant 
composition expansion. 

The pseudoization procedure given in this paper does 
not relate to or preserve any two-phase or saturated mix
ture properties. It is of some interest, then, to examine 
the effect of pseudoization alone-with no regression
on EOS-predicted values of saturation pressure and as
sociated properties for Cases 13, 11, 9, 7, 6, 5*, and 4*. 
Cases 5* and 4* are the same as Case 6 (C7+ split into 
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TABLE 10-CALCULATED COMPOSITIONS FOR 
CASE 6 AT 12 YEARS 

O.2<JdL<0.45 0.6<JdL<0.85 

Component Oil Gas Oil Gas ,.. . " no n ~o nn n~ 

""'1 T''''2 v., V./O v., V.II 

C 2 +C0 2 +C a +C 4 0.21 0.22 0.207 0.22 
C s +C s 0 0 0 0 
F7 0 0 0 0 
F8 0 0 0.44 0.011 
F9 0.59 0.0012 0.15 0.0003 

Fractions F7, FS, and F9) except that Fractions FS and 
F9 are lumped together in Case 5*, and Fractions F7, FS, 
a.T'ld F9 are lumped together in Case 4*. Table 11 s~ows 
a surprisingly mild variation of saturation properties over 
this rather pronounced range of pseudoization. 

Conclusions 

A single form for several widely uSed cubic EOS's is 
presented as density (z-factor) arid component fugacity 
equations. This general form stems from manipulation of 
results given by Martin. I 

A proposed pseudoization procedure preserves single
phase pseudocomponent and mixture densities and vis
cosities as functions of pressure and temperature as the 
number of components describing a mixture is reduced. 

This pseudoization procedure and material balance con
siderations are used to generate two-component, black
oil representations of gas condensates. Black-oil simula
tions of reservoir depletion for a number of condensates 
have shown close agreement with results obtained by full 
compositional modcling. Qualifying this agreement is the 
fact that we have compared the calculated C 5 + depletion 
recoveries only for the near-critical Condensate A dis
cussed in this paper. 

Good agreement, in turn, between compositional (EOS) 
results and experimental laboratory expansion data is 
shown for Condensate A, provided regression is used. 

Full c-Ompositional modeling is necessary for accuracy 
in cycling of condensates below dewpoint. Composition
al cycling simulations were performed for the near-critical 
Condensate A with the number of components ranging 
from 13 to 4. As noted by other authors, accuracy of cal
culated vaporization requires a splitting of the C7+ into 

a number offractions. For this condensate, acceptable ac
curacy of cycling calculations required a minimal set of 
about six components, including methane and three to four 
C7 + fractions, with intermediates pseudoized to two or 
three components. 

Nomenclature 

bg = IIBg 
bo = IIB a 
Bg = gas formation volume factor, RBiscf 

[res m 31std m 3] 

Bo = oil formation volume factor, RBISTB 
[res m 3lstock-tank m 3] 

c = compressibility, volumelvolume-pressure 
dj = regression observation (data) j 
f = fugacity, units of pressure 
F = objective function value used in regression 
h = reservoir thickness, ft [m] 
J = total number of regression variables 
J = total number of observed data values 

matched by regressions 
k = absolute permeability 

k, = relative permeability 
k mwe = relative permeability to oil at connate water 

and zero gas saturations 
K = K value, y/x 
L = reservoir length 

M = molecular weight 
n = number of components in a mixture 

N; = number of mols of component i in a 
mixture 

N m = total mols of a mixture 
p ~ pressure 

P e = capillary pressure 
q = flow rate 

rs = oil vapor in gas, STBlscf [stock-tank 
m 3 1std m 3] 

R = universal gas constant 
Rs = solution gas, scf/STB 

[std m 3lstock-tank m 3 ] 

S = saturation, fraction 
S iw = irreducible water saturation 

TABLE ll-EFFECT OF PSEUDOIZATION ON PREDICTED SATURATION PRESSURE AND ASSOCIATED 
PROPERTIES 
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Rich-Gas Condensate A, Recombined Sample, 325°F PR EOS Used, No Regression, All Ps Are 
Bubblepoints 

p, 
Case* (psia) KC 1 +N~ KC~+C6 

13 3,325 1.065 0.909 
11 3.378 1.063 0.913 
9 3.357 1.056 0.923 
7 3.338 1.054 0.927 
6 3.276 1.039 0.947 
5" 3.220 1.050 0.932 
4' 3,018 1.062 0.916 

·Case number= number of components. 
*;Same as Case 6 except FB and F9 are lumped together. 

Same as Case 6 except F7, Fa, and F9 are lumped together. 

0.801 
0.807 
0.826 
0.834 
0.878 
0.844 
0.808 

Zg 

0.812 
0.812 
0.808 
0.805 
0.795 
0.792 
0.775 

Mg 

40.8 
41 
41.4 
41.6 
42.5 
41.9 
41.5 

100x 

n "g 
0.356 3.8 
0.362 3.9 
0.361 4.0 
0.360 4.0 
0.357 4.0 
0.353 3.9 
0.342 3.7 

", 
4.4 
4.5 
4.5 
4.4 
4.4 
4.3 
4.2 
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S org = residual oil saturation for gas displacement 
So,"", ,;, residual oil saturation for water 

displacement 
S we = connate water saturation 

t = Martin'sl volume translation for Eq. A-3 
T = temperature, oR unless otherwise stated 
v = specific volume, volume/mol 

Vi = regression variable i 
V = total volume 

VIV s = laboratory cell volume/original cell volume 
at saturation pressure 

Wj = weight factor on regression observation j 
x = mol fraction or linear distance 
y = mol fraction in a gas phase 
z = gas compressibility factor 

Zi = mol fraction of component i in Mixture z 
I' = specific gravity (air = 1.0 for gas, 

water = 1.0 for liquids) 
o ij = binary inte~action coefficient between 

Components i and h 
5 ij = binary interaction coefficient between 

Pseudocomponenls i and j 
I' = viscosity, cp [Pa' s) 

1'* = viscosity parameter in the Lohrenz et al. 21 

correlation 
p = density, mass/volume 
l' = fugacity coefficient 
w = acentric factor 

o a' 0 b = EOS constants 

Subscripts 
B = normal boiling point 
c = ~ritical 

g = gas 
i = component i 
j = component j 
L = liquid 
o = oil 
r = reduced (e.g., p,=plpc) 
w = water 

Superscripts 
e = Pseudocomponent e 
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APPENDIX A 
Derivation of a General Form For Cubic EOS's 
The well known thermodynamic equations defining 
fugacity 19 are 

f 1 r'( RT) In 1'=ln -=--J p-- dv 
p RT v 

~ 

+z-I-ln z, ........................... (A-I) 

for a pure component, and 

In '¥i=ln Ii = __ 1 [V( ap _ RT)dV 

PX< RTJ aN· V , ~ , 

-In z, ............................ (A-2) 

for a component in a mixture, where Ni is the mols of 
component i in the mols of total mixture, N M' Theterm 
1'i is the fugacity coefficient, v is specific volume 
(volume/mol), V is total volume, and Xi is the mol frac
tion of component i, NilN M. The compressibility factor 
z is, by definition, pvlRT. 

Martin 1 gives the generalized cubic BOS, 

RT Cl 
p=- ............. (A-3) 

v-t (v-t+!3)(v-t+I') 
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Cursory dimensional analysis shows that t, {3 and 'Y must 
have units of specific volume and that", must have units 
of (specific volume)2 times pressure. Abbott20 invokes 
the principle of corresponding states in selecting RT elp c 
as the unit of specific volume. Thus we can express the 
EOS parameters as 

(3 = h~RTclpo 

and 

and anticipate that the various dimensionless n values are 
universal constants independent of component identity and 
temperature. In practice, the 0 values in published EOS's 
are treated generally as functions of temperature and com
ponent identity. 

Difficulties in proceeding through detailed derivation
al steps from Eqs. A-I through A-4 to Egs. 2a and 2b 
are notation and lengthy mechanical manipulations. The 
"volume translation" tused by Martin in Eq. A-3 is cus
tomarily denoted "b" by other authors, while Martin's 
'" is usually denoted "a." Because of the notational con
fusion, length of the manipulations, and lack of any sig
nificant novelty of the result, we will skip the derivational 
detqils and simply mention some items that may be help
ful to a student or engineer beginning "York in this area. 

The integration in Eq. A-2 is simplified considerably 
if the _order of differentiation and integration is reversed. 
FC'r a continuous function p (x,y) 

J ap(x,y) dy= ~ J p(x,y)dy, .. ............. (A-5) 
ax ax 

so Eq. A-2 can be written 

I a jV 
In q,-.=--- pdV+ln VI ~ -In z . ... (A-6) 

, RT aNi -
~ 

When the EOS A-3 is substituted into Eq. A-6, integrat
ed, and then differentiated with respect to N" the term 
on the right side (In V at V=oo) cancels out. 

Eq. 2a is obtained by dividing Eq. A-3 by P and re
arranging it as follows: 

1 A 
1=-

Z-T (z-T+B)(Z-T+C) 
............ (A-7) 

where 

T=tpIRT=D,p,IT,., .................... (A-8a) 

B={3pIRT=D~p,IT" ................... (A-8b) 
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C='YpIRT=D 7P ,IT" ................... (A-8c) 

and 

A=",pIR2 T2 =D"p,IT~. . ............... (A-8d) 

Rearrangement of Eq. A-7 to a cubic (in z) form, defi
nitionofml andm2 by B=(I+ml)7, C=(I+m2)T, and 
relabelling T as B (not B of Eq. A-8b) gives Eq. 2a. 

Mixing rules are required in the integration and 
differentiation steps of Eq. A-6. The most widely used 
rules are the following fomis: 

n 

{3= ~ Xj{3j 
]=1 

or 

n 

B= ~ xjBj , .......................... (A-9) 
]=1 

for t, {3, and 'Y and a quadratic form 

1/ If 

0:= ~ ~ XjXfCljf 
j=1 f=l 

or 

n n 

A= L; L; xjx/Ajl, .............. , ... (A-IO) 
i=1 f=1 

for ex, where Cije is usually expressed as (l-oje)(ajCXe)o.s 
with the binary interaction coefficient 0jl being symmet
ric inj and e and Ojj=O. 

The manipulations involved in Eg. A-6, theri, use 

{3i .......................... (A-II) 

and 

n 

2NM ~ Xi"'ij, .............. (A-12) 
j=l 

Because xi =N;lN M. Also, simplifications are possible 
at various stages ofEq. A-6 manipulations if the EOS it
self (Eq. A-7) is used. The result of manipulations on Eg. 
A-6 is Eq. 2b. The nrst step in Eq. A-6 is, of course, 
insertion ofp from the EOS A-3, written in terms ofto
lal mols: 

p 

............. , ............ (A-l3) 
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APPENDIX B 
Calculation of Pseudocomponent Properties 
The first of th~ two pseudoization conditions stated in the 
paper is satisfied by defining pseudocomponent proper
ties as 

and 

n n 

L; L; x/x/(1-oij)(A iA)o.5 ..... (B-Ia) 
i:=1 j=1 

n 

Bf=fJo1pT/ITp/= L; x/Bj, .......... (B-Ib) 
j=l 

where 

n 

p/= L; x/PCj, ...................... (B-2a) 
j=l 

n 

Tc I = L; x/Tcj , ...................... (B-2b) 
j=l 

n 

v/ = L; x/VCj, ...................... (B-2c) 
j=! 

n 

M'= L, x/Mj , ....................... (B-2d) 
)=1 

and 

n n 

p.*I= L; (x/p.;JM;)+ L; ~t/JM;), .. (B-2e) 
j~t j=i 

where use of the Lohrenz et al. 21 viscosity correlation 
is presumed. 

The fJ a I and fJ o I given by Eqs. B-Ia and B-Ib are in
dependent of pressure. They are respectively dependent 
on temperature if and only if any of the fJ ai and nbi are 
dependent on temperature. Eqs. B-Ia through B-2e en
sure that the EOS will give identical pseudocomponent 
density 'Is. temperature apd pressure, whether calculat
ed in one-component or n-cornponent mode. Eqs. B-la 
and B-lb are obtained directly from Eqs. 2a through 3e. 

Eqs. B-2a through'B-2e are obtained by the use of the 
equations of the Lohrenz et al. 21 viscosity correlation
ihat is, if one-component density and n-component den
sity of the pseudocomponent are identical and one
component properties are defined by Eqs. B-2a through 
B-2e, then that viscosity correlation will give identical vis
cosities whether calculated in one- or n-component modes. 

The second condition ofpseudoization is satisfied by 
Eqs. B-Ia through B-2e, and by the additional require-
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ment that for each pair of pseudocomponents, the pseu
dobinary interaction coefficient is given by 

2 2 

L; L; "'i"'j(l-o ij)(A iAi)O.5 
i=1 )=1 

n n 

L; L; XiXj(l-oij)(A iA)o.5. . ........ (B-3) 
;=1 )=1 

The pair of pseudocomponents are arbitrarily labelled 
Components I and 2 on the left siqe of Eq. B-3. {xil is 
the II-component composition of an arbitrary mixture of 
the two pseudocomponents-Le.,· 

where "'I +"'2 = \.0 and O<"'j<l for j=l, 2. The 
values of a [ and 0::2 are arbitrary becau~e they cance~ 
out when the left side of Eq. B-3 is expanded, when Eq. 
B-4 is substituted into the right side ofEq. B-3, and when 
Eq. B-Ia is used. . 

The only unknown in Eq. B-3, after use ofEq. B-la, 
is oI2_Le., the pseudobinary interaction coefficient be
tween Pseudocomponents I and 2. This coefficient" 12 
is independent of tempemture regardless of temperature 
dependence of nai andlor noi , provided, of course, that 
the" Ii are independent of temperature. 

APPENDIX C 
Calculation of Black-Oil PVT Properties 
for Gas Condensates 
This Appendix describes a calculational procedure for gas 
condensates that determines a black-oil (two-component, 
surface gas and oil) PVT table of B", R,<, P.o' co, Bg , 
r.p and p.g vs. pressure, which will reproduce, approxi
mately, constant-volume or constan~-composition labor4-
tory expansion data. 

The EOS PVT program is used first with regression 
to match dewpoint pressure, available expansion data, and 
surface separation data. The "calibrated" EOS is used 
then to perform a specified single- or multistage surface 
separation. The final-stage products, as indicated in Fig. 
1, are referred to hereafter simply as gas and oil, with 
fixed gas gravity (M g) and gas and oil densities at final
stage pressure and temperature. 

The EOS flash of I mol of original reservoir wet gas 
through the specified separation gives the mols of gas and 
oil obtained together with their n-component composi
tions, gas molecular weight, density, and oil density. STB 
used here denotes barrcls of final-stage oil, and sef 4enotes 
cubic feet of gas at 14.7 psi. [101.4 kPa] and 60°F 
[lS.6°C]. The value of r, STBlscf at dewpoint pressure 
is easily calculated from these results. 

The EOS calculations start with 1 mol of original wet 
gas at reservoir temperature T and dewpoint pressure and 
proceed stepwise to expand the gas through a specified 
sequence of decreasing pressures. Each expansion' step 
is constant-composition, followed by gas withdrawal be
fore the next pressure decrement if the overall expansion 
is constant-volume. ' 
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For any expansion step from pressure P I to lower pres
sure P 2, mass conservation of gas and oil require~ that 

.......................... (C-Ia) 

and 

.......................... (C-lb) 

An additional constraint gives the density of the reser
voir oil or liquid atpz, Tas 

Poz =boz(Posr+cIR.a), .................. (C-2) 

where 
C[ = 14.7 M g /(10.73x520x5.6146), 

M g "" molecular weight of final stage gas, and 
Post = final stage oil density, Ibm/cu ft. 

Rearranging Eq. C-2 gives 

Post Pa2 
(boRsh = --boz +-.- =Clb 02 +is ....... (C-3) 

C, c2 . 

Substituting (boRsh from Eq. C-3 into Eq. C-Ia and 
rearranging terms yields 

VI 
Sgbg+SoClb o= V

2 
(bgSg+boR.,So)I-SoiS 

. . . . . . . . . . . . . . . . . . . . . . . . . . (C-4a) 

and 

where, for clarity, subscript 2 has been dropped on S g, 

So. bg • rs, and bo-
The EOS is used to perform this expansion and yields 

values of Sg, So, V, and rs at pressure Pz. The value 
of r, is obtained by flashing the eqUilibrium gas at pz 
through the specified surface separation conditions. Eqs. 
C-4a and C-4b are solved for the two unknowns bg2 and 
b 02, and R ,2 is then calculated from Eq. C-3. 

Whitson and Torp9 calculate Rs and b 0 by flashing the 
"reservoir" liquid from each expansion pressure at sur
face separation conditions: The R, and bo calculated here 
lack that physical meaning; rather, t!iey are simply values 
that satisfy a mass balance and yield correct reservoir oil 
density. 
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Repetition of this calculation for each step of the ex
pansion yields the black-oil PVT table desired. Reservoir 
oil compressibility Co is easily calculated from the EOS, 
and [he BOS and viscosity correlation 21 give reservoir 
oil an!=! gas viscosities vs. pressure. 

At this point, the black-oil PVT table can be character
ized as follows. Consider two calculated expansions at 
reservoir temperature, T, each being the constant
composition or constant-volume pressure sequence used 
in the above calculations. The first calculated expansion 
uses the EOS in full n-component compositional mode, 
while the second uses the black-oil PVT table. The two 
calculations will yield identical So Oiquid dfopout) and 
reservoir liquid and gas qensities and viscosities vs. pres
sure. In addiiion, if the expansion is constant-volume, the 
two calculations will yield identical values of mass of gas 
removed at each step. 

The b g and fL g values in the black-oil table could be 
retained as single-valued functions of pressure as calcu
lated above. However, cycling operations can result in 
undersaturated gas with dependence of b g and /l g upon 
composition (rs) in addition to pressure. Therefore, one 
final approximation is made. We pseudoize the (surface) 
gas n-component composition to one pseudocomponent 
and the (surface) oil to a second with the pseudoization 
procedure decribed in this paper. The black-oil model then 
ignores the PVT table b g and fLg values and calculates 
them from the BOS and viscosity correlation21 in pseu
do two-component mode. 

We have noted a generally small difference between 
these two-componentb g and fL g values and the table or 
n-component EOS values below dewpoint pressure. 
Above dewpoint pressure, the two-component and n
component b g and fL g values are identical functions of 
pressure and composition Crs) as a consequence of the 
pseudoization method . 

In Eqs. C-2 and C-3, we use Po2 values calculated 
from the EOS rather than experimental values. Assum
ing a difference, greater accuracy of the black-oil simu
lation should result from use of experimental values. 
However, when compositional and black-oil model results 
are compared, the EOS oil densities should be used. 

81 Metric Conversion Factors 
bbl X 1.589873 E-Ol = m3 

cp X 1.0' E-03 = Pa's 
ft x 3.048* E-Ol m 

OF (OF-32)/1.8 °C 
Ibm/cu ft X 1.601 846 E+OI kg/m3 
Ibm mol x 4.535924 E-Ol = kmol 

psi x 6.894757 E+OO kPa 
scf x 2.831 685 E-02 = std m3 

~Conversion factor is exact JPT 
Original manuscript received in the Society of Petroleum Engineer:s office March 2, 
1982. Paper acceptEld for publication Feb, 3, 1983. Revisea manuscript received July 
15,1985. Paper (SPE 10512) first presented at the 1982 SPE Reservoir Simulation 
Symposium held in New Orleans Jan. 31-Feb. 3. . 
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TIME, 
YEARS 13 

1 .120 

3 .317 

5 .502 

8 .731 

10 .828 

12 .872 

TIME, 
YEARS 13 

1 .109 

3 .274 

5 .424 

8 .612 

10 .715 

12 .783 

TABLE 6 

CALCULATED C5+ CYCLING RECOVERIES 

RICH GAS CONDENSATE A, 325°F 

RECOMBINED SAMPLE 

ONE-DIMENSIONAL, COMPOSITIONAL SIMULATION 

Case (Number of Components) 

11 9 7 6 9L 5L 

.121 .121 .121 .120 .124 .123 

.317 .317 .318 .314 .325 .321 

.502 .502 .503 .495 .515 .507 

.730 .731 .731 .719 .744 .734 

.830 .831 .830 .816 .836 .826 

.884 .885 .883 .872 .897 .868 

TABLE '1 

CALCULATED C'1+ CYCLING RECOVERIES 

RICH GAS CONDENSATE A, 325°F 

RECOMBINED SA1~dLE 

ONE-DIMENSIONAL, COMPOSITIONAL SIMULATION 

Case (Number of Coml2onents) 

11 9 7 6 9L 5L 

.109 .109 .109 .108 .112 .111 

.273 .273 .273 .267 .280 .274 

.423 .423 .423 .412 .433 .• 423 

.610 .611 .607 .590 .621 .606 

.719 .720 .716 .693 .725 .707 

.803 . .803 .• 799 .781 .823 .800 
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4L 

.123 

.318 

.501 

.722 

.813 

.891 

4L 

.110 

.270 

.415 

.589 

.685 

.774 



TABLE 8 

CALCULATED K-VALUES AT 1792 PSIA PROM CYCLING SIMULATION 

RICH GAS CONDENSATE A, RECOMBINED SAMPLE, 325°F 

CASE 13 

POSITION, x/L .2 .5 .7 .9 

TIME, YEARS 8 7 6 5 

HCPVINJECTED 1.1 .92 .74 .57 CONSTANT 

So .017 .094 .196 .248 COMPOSITION 

COMPONENT EXPANSION -- -
C1 3.683 3.31 2.57 2.31 2.304 

C2 1.335 1.31 1.276 1. 256 1.256 

C3 .865 .872 .916 .931 .934 

C4 .539 .561 .639 .675 .677 

C5 .4 . .465 .508 .511 

C6 .262 .340 .383 .385 

F7 .185 .268 .313 .315 

F8 .077 .133 .168 .169 

F9 .033 .066 .092 .092 

FlO .0070 .010 .027 .041 .041 

Fll .00068 .0023 .0058 .0074 .0098 
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TABLE 9 

EFFECT OF PSEUDOIZATION ON PREDICTED 
SATURATION PRESSURE AND ASSOCIATED PROPERTIES 

RICH GAS CONDENSATE A, RECOMBINED SAMPLE 

325°F PR EOS USED, NO REGRESSION 

ALL PSAT ARE BUBBLE POINTS 

100 x 
CASE* PSAT KC1+N2 KC5+C6 KC7+ Zg Mg YL )Jg )JL 

13 3325 1.065 .909 .801 .812 40.8 .356 3.8 4.4 
-

11 3378 1.063 .913 .807 .812 41 .362 3.9 4.5 

9 3357 1.056 .923 .826 .808 41.4 .361 _4.0 4.5 

7 3338 1.054 .927 .834 .805 41.6 .360 4.0 4.4 

6 3276 1.039 .947 .878 .795 42.5 .357 4.0 4.4 

5** 3220 1.050 .932 .844 .792 41.9 .353 3.9 4.3 

4*** 3018 1.062 .916 .808 .775 41.5 .342 3.7 4.2 

*Case Number = Number of Components 

**Same as Case 6 Except F8 and F9 Lumped Together 

* * *Same as Case 6 Except F7, F8 anG F9 Lumped Together 

-' 
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